Chemical modification of ribulose-1,5-bisphosphate carboxylaseloxygenase (Rubisco) activase with water-soluble N-hydroxysuccinimide esters was used to identify a reactive lysyl residue that is essential for activity. lncubation of Rubisco activase with sulfosuccinimidyl-7-amino-4-methylcoumarin-3-acetate (AMCA-sulfo-NHS) or sulfosuccinimidyl-acetate (sulfo-NHS-acetate) caused progressive inactivation of ATPase activity and concomitant loss of the ability to activate Rubisco. AMCA-sulfo-NHS was the more potent inactivator of Rubisco activase, exhibiting a second-order rate constant for inactivation of 239 M-' s-l compared to 21 M-' s-' for sulfo-NHS-acetate. lnactivation of enzyme activity by AMCA-sulfo-NHS correlated with the incorporation of 1.9 mo1 of AMCA per mo1 of 42-kD Rubisco activase monomer. ADP, a competitive inhibitor of Rubisco activase, afforded considerable protection against inactivation of Rubisco activase and decreased the amount of AMCA incorporated into the Rubisco activase monomer. Sequence analysis of the major labeled peptide from AMCA-sulfo-NHS-modified enzyme showed that the primary site of modification was lysine-247 (K247) in the tetrapeptide methionine-glutamic acidlysine-phenylalanine. Upon complete inactivation of ATPase activity, modification of KZ4' accounted for 1 mo1 of AMCA incorporated per mo1 of Rubisco activase monomer. Photoaffinity labeling of AMCA-sulfo-NHS-and sulfo-NHS-acetate-modified Rubisco activase with ATP analogs derivatized on either the adenine base or on the y-phosphate showed that KZd7 is not essential for the binding of adenine nucleotides per se. Instead, the data indicated that the essentiality of KZ4' is probably due to an involvement of this highly reactive, species-invariant residue in an obligatory interaction that occurs between the protein and the nucleotide phosphate during catalysis.
Chemical modification of ribulose-1,5-bisphosphate carboxylaseloxygenase (Rubisco) activase with water-soluble N-hydroxysuccinimide esters was used to identify a reactive lysyl residue that is essential for activity. lncubation of Rubisco activase with sulfosuccinimidyl-7-amino-4-methylcoumarin-3-acetate (AMCA-sulfo- NHS) or sulfosuccinimidyl-acetate (sulfo-NHS-acetate) caused progressive inactivation of ATPase activity and concomitant loss of the ability to activate Rubisco. AMCA-sulfo-NHS was the more potent inactivator of Rubisco activase, exhibiting a second-order rate constant for inactivation of 239 M-' s-l compared to 21 M-' s-' for sulfo-NHS-acetate. lnactivation of enzyme activity by AMCA-sulfo-NHS correlated with the incorporation of 1.9 mo1 of AMCA per mo1 of 42-kD Rubisco activase monomer. ADP, a competitive inhibitor of Rubisco activase, afforded considerable protection against inactivation of Rubisco activase and decreased the amount of AMCA incorporated into the Rubisco activase monomer. Sequence analysis of the major labeled peptide from AMCA-sulfo-NHS-modified enzyme showed that the primary site of modification was lysine-247 (K247) in the tetrapeptide methionine-glutamic acidlysine-phenylalanine. Upon complete inactivation of ATPase activity, modification of KZ4' accounted for 1 mo1 of AMCA incorporated per mo1 of Rubisco activase monomer. Photoaffinity labeling of AMCA-sulfo-NHS-and sulfo-NHS-acetate-modified Rubisco activase with ATP analogs derivatized on either the adenine base or on the y-phosphate showed that KZd7 is not essential for the binding of adenine nucleotides per se. Instead, the data indicated that the essentiality of KZ4' is probably due to an involvement of this highly reactive, species-invariant residue in an obligatory interaction that occurs between the protein and the nucleotide phosphate during catalysis.
Rubisco (EC 4.1.1.39), the enzyme that catalyzes COZ fixation in photosynthesis, is regulated by Rubisco activase (Salvucci et al., 1985) . Rubisco activase increases the proportion of active Rubisco by promoting dissociation of tightly bound sugar phosphates from the active site of the enzyme (Lilley and Portis, 1990; . The dissociation of sugar phosphates facilitates carbamylation of an active-site lysyl residue (Werneke et al., 1988a) , thereby completing the binding site for the essential metal ion (Lorimer and Miziorko, 1980; Knight et al., 1990) . ATP hydrolysis
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catalyzed by Rubisco activase is required for enhancing sugarphosphate dissociation from Rubisco . Presumably, the energy from ATP hydrolysis is used to induce specific conformational changes in Rubisco that alter its binding affinity for sugar phosphates. However, direct coupling of ATP hydrolysis to conformational changes in Rubisco has not been demonstrated.
Rubisco activase shares considerable sequence homology with other purine nucleotide-binding proteins in the region of the P-loop (Werneke et al., 1988b) , a Gly-rich motif involved in nucleotide phosphate binding (Pai et al., 1990; Saraste et al., 1990) . Site-directed mutagenesis of the conserved Lys residue, K116, and neighboring residues in the Ploop of Rubisco activase verified the involvement of this region in ATP binding and/or hydrolysis (Shen et al., 1991; Shen and Ogren, 1992) . Photoaffinity labeling studies with ATPyBP showed that the ATP 7-phosphate binding domain of Rubisco activase includes the region adjacent to the P-loop and a second region from V223-T234 (Salvucci et al., 1993) . However, aside from K1I6, catalytically important residues in the 7-phosphate binding domain and elsewhere in the protein have not been identified.
In the present study, water-soluble N-hydroxysuccinimide esters were used to identify lysyl residues that are essential for Rubisco activase activity. The data showed that acylation or arylation of KZ4' abolished ATPase activity and caused a concomitant loss of the ability to activate Rubisco. Photoaffinity labeling with ATP analogs indicated that modification of K247 did not affect adenine nucleotide binding per se, but did appear to alter subtle interactions within the ATPbinding domain.
Salvucci
Plant Physiol. Vol. 103, 1993 N3ATP and [y-32P]ATPyBP were synthesized as described previously (Potter and Haley, 1983; Rajagopalan et al., 1993) .
7-Amino-4-methylcoumarin-3-acetate and other reagents
were from Sigma.
Enzyme Purification
Rubisco and Rubisco activase were purified from tobacco (Nicotiana tabacum L. cv KY-14) leaves (Holbrook et al., 1991) . Rubisco activase was freed of tightly bound nucleotide immediately prior to photolabeling or chemical modification by precipitation with (NH4&04 and gel-filtration chromatography (Salvucci et al., 1993) . Rubisco activase protein was determined by the method of Bradford (1976) using BSA as a standard. Decarbamyiated Rubisco was complexed with RuBP prior to use in the activation assays (Salvucci, 1992) .
Chemical Modification and Enzyme lnactivation
For chemical modification, Rubisco activase was desalted in 50 mM Mops-NaOH, pH 8, 10 mM MgC12, and 10 mM NaHC03. The protein at 0.3 to 1 mg/mL (7-24 PM 42-kD monomer) was incubated at 25OC in the presence of the indicated concentrations of AMCA-sulfo-NHS or sulfo-NHSacetate. Stock solutions of these reagents were prepared in deionized H 2 0 immediately prior to use. Reactions were terminated by the addition of Gly to 50 mM and Rubisco activase was then assayed at 25OC for ATPase activity or Rubisco activation in the presence of 5% (w/v) PEG-3350 (Salvucci, 1992) . A11 assays were conducted in duplicate and SE values were less than 5%. To determine the amount of AMCA covalently bound to Rubisco activase, modified Rubisco activase was freed of unbound AMCA by centrifugal gel-filtration chromatography in 20 mM Hepes-KOH, pH 7.2, 2.5 mM MgC12, 0.2 mM EDTA, and 50 mM Suc (buffer A) as described previously (Salvucci et al., 1993) . ATPase activity was measured as described above and the amount of AMCA covalently bound to protein was determined from the A355 in 1% (w/v) SDS and 0.1 M NaOH (Stefanova et al., 1993) .
Photoaffinity Labeling
Photoaffinity labeling of Rubisco activase was performed at 4OC in 1.5-mL microcentrifuge tubes as described previously . Control and modified Rubisco activase were prepared as described above and were freed of any unbound reagent by precipitation with (NH4)2S04 and gel-filtration chromatography (Salvucci et al., 1993) . Photolabeling reactions contained 20 mM Tris-HC1, pH 7.6, 7 mM EDTA, 1 to 5 pg of Rubisco activase (in 5 pL of buffer A), and the indicated concentrations of [y-32P]ATPyBP or [y-32P]8-N3ATP in a total volume of 25 pL. Reactions were initiated by the addition of the photoprobe, incubated for 15 s, and then photolyzed for 1 min at 4OC (Salvucci et al., 1993) . Following photolysis, the protein in the reaction was denatured and the Rubisco activase polypeptides were sepaconstitute a guarantee or warranty of the product by the U.S.
Department of Agriculture and does not imply its approval to the exclusion of other products or vendors that may also be suitable. rated by SDS-PAGE and visualized by staining with Coomassie blue R-250 (Klein and Salvucci, 1992) . Relative 32P incorporation was determined by scanning autoradiograms with an image acquisition densitometer (BioImage, MilliCen/ Biosearch, Ann Arbor, MI) and quantified as A units X mm on the basis of whole-band analysis (Klein and Salvucci, 1992) . Exposure times of the film were adjusted to ensure that images fel1 well within the linear range of detection.
Peptide lsolation
Following treatment with AMCA-sulfo-NHS or sulfo-NHS-acetate, the modified protein was freed of unbound reagent by gel filtration as described above. Tryptic peptides were generated from the desalted protein by incubatiori at 23OC overnight with 10 pg of TPCK-treated trypsin. Tryptic peptides were separated by reverse-phase HPLC on a 4.6 X 220 mm C4 column (Applied Biosystems, Inc., Foster City, CA) using the specific conditions described in the text. Peptides were detected by their AZ1,-and A355 using a Perkin Elmer (Norwalk, CT) model 235C diode array detector. AMCA labeling of the individual peptide peaks was confirmed by spectral analysis, and the amount of AMCA incorporated was determined from the integrated area of the /i355 peak referenced to a standard curve of AMCA concentration. Peptides were sequenced at the University of Kenturky Macromolecular Facility using an Applied Biosystems 477A pulse liquid protein sequencer with on-line 120A P'TH identification.
RESULTS lnactivation of Rubisco Activase Activities by AMCA-Sulfo-NHS and Sulfo-NHS-Acetate
Incubation of Rubisco activase at 25OC with micromoilar concentrations of AMCA-sulfo-NHS caused a time-dependent inhibition of ATPase activity (Fig. 1A) . No inhibition of activity occurred when excess free amine, in the form of .50 m Gly, was included with the enzyme prior to the addition AMCA-sulfo-NHS ATPase 2.3 X 10-* 0.7 X 10-* Rubisco activation 2.5 x 10-' 0.7 x 10-* Rubisco activation 4.2 X 10-3 1 . O X 10-3
Sulfo-NHS-acetate ATPase 4.3 x 10-3 0.8 x 1 0 -~ of AMCA-sulfo-NHS (data not shown). In the absence of Gly, ATPase activity was reduced by more than 95% by a 2-min incubation with 0.1 1 mM AMCA-sulfo-NHS. Inactivation occurred as a first-order process; at 0.11 mM reagent, the pseudo first-order rate constant for inactivation (kinact) was 0.025 s-I. The slope of the replot of kinact versus AMCA-sulfo-NHS concentration yielded a second-order rate constant for inactivation of 239 M-' s-' (Fig. 1B) .
Incubation of Rubisco activase with sulfo-NHS-acetate also caused a time-and concentration-dependent inhibition of ATPase activity (data not shown). However, compared with AMCA-sulfo-NHS, sulfo-NHS-acetate was a less potent inactivator of Rubisco activase. For example, a 7-min incubation with 0.2 mM sulfo-NHS-acetate was required to obtain 90% inactivation of ATPase activity (data not shown). The secondorder rate constant for inactivation by sulfo-NHS-acetate was 20.7 M-' s-'.
Inactivation of Rubisco activase ATPase activity by the sulfo-NHS derivatives was accompanied by a loss of the ability to activate Rubisco ( Table I) . With both AMCA-sulfo-NHS and sulfo-NHS-acetate, the kinaCt for loss of Rubisco activation was nearly identical to the kinaCt for inactivation of ATPase activity. The Rubisco activase competitive inhibitor, ADP, reduced the pseudo first-order rate constants for inac- tivation of Rubisco activation and ATPase activity by an equivalent amount (Table 1) . Thus, ADP protected Rubisco activase against inactivation by the sulfo-NHS derivatives, affording a similar leve1 of protection to the two activities of the enzyme.
Effect of Modification by AMCA-Sulfo-NHS on Subunit lnteractions of Rubisco Activase
Mixing experiments were performed to determine the effect of modification on the cooperative interactions of Rubisco activase subunits. As has been shown previously (Salvucci, 1992) , the specific ATPase activity of unmodified Rubisco activase was dependent on the concentration of protein in the assay. In the present study, the apparent k,,, for ATP hydrolysis increased 2.3-fold from 0.33 to 0.77 s-' when the concentration of unmodified Rubisco activase in the assay was increased from 9.7 to 28 r g mL-'. In contrast, when protein concentration was increased from 9.7 to 47.4 r g mL-'
by adding modified Rubisco activase (i.e. 10-min incubation with 0.05 mM AMCA-sulfo-NHS) to 9.7 Pg mL-' of unmodified enzyme, the k,,, of the unmodified enzyme increased only slightly from 0.33 to 0.40 s-'. Thus, inactivation of Rubisco activase by incubation with AMCA-sulfo-NHS appeared to dampen the presumed cooperative effects of subunit interactions. 
lncorporation of AMCA into Rubisco Activase
The absorbance of the aminomethyl coumarin fluorophore of AMCA-sulfo-NHS made it possible to determine the stoichiometry of modlfication. Figure 2 shows the amount of AMCA covalently bound to Rubisco activase and the residual ATPase activity following a time course of incubation with AMCA-sulfo-NHS in the presence and absence of ADP. The data show that the initial rate of modification was considerably faster in the absence of ADP. As a result, the amount of AMCA bound to Rubisco activase after 60 s in the absence of ADP was more than twice the amount incorporated in its presence. Inactivation of ATPase activity matched the amount of AMCA incorporated into the Rubisco activase holoenzyme in both the presence and absence of ADP. In the absence of ADP, 1.9 mo1 of AMCA were bound per mo1 of 42-kD Rubisco activase monomer, and ATPase activity was inhibited 93% after a 300-s incubation with AMCAsulfo-NHS. ln comparison, 1.4 mo1 of AMCA were covalently bound per mo1 of Rubisco activase monomer, and ATPase activity was inhibited 72% after 300 s with AMCA-sulfo-NHS and 1 mM ADP.
ldentification of the Modified Residue
N-Hydroxysuccinimde esters react with unprotorlated amines, which for proteins includes the a-NH2 of the N-terminal amino acid and the eNH2 of interna1 Lys residues (Parikh et al., 1974) . To identify the site(s) of modification from among the 25 possible Lys residues in tobacco Rubisco activase , tryptic peptides from the rrlodified Rubisco activase described in Figure 2 were separated by reverse-phase HPLC and analyzed for A355 (Fig. 3) . The results showed that at the early time points (i.e. 30 and 60 s) the bulk of the coumarin fluorophore was associated wi th a peptide peak that eluted at a retention time of about 41 min (Fig. 3) . A second peptide peak with a retention time of 47 min was also labeled early in the time course, but labeling of this peptide was variable from experiment to experiment and was always much lower than the 41-min peptide peak. It is important to note that inhibition of ATPase activity at these early time points was significant, even in the presence of ADP (Fig. 2) . The amount of AMCA associated with the 41-and 47-min peptides increased with increasing incubation time, as did the labeling of severa1 other peptide peaks. At each time point, the amount of AMCA incorporated into the 41-and 47-min peptide peaks was much lower for enzyme that was modified in the presence of ADP (Fig. 3B) .
Comparison of the A215 profiles of tryptic peptides from unmodified and AMCA-sulfo-NHS-modified Rubisco activase showed that, in addition to the appearance of the AMCA-labeled peaks at 41 and 47 min, there was an additional peptide peak at about 27.5 min in the chromatogram of the modified enzyme (Fig. 4) . Production of the peak at 27.5 min, measured by the relative increase in peak area at 215 nm over the time course, correlated precisely with incorporation of AMCA into the 41-min peptide both in the presence and absence of ADP (data not shown). The appearance of the 27.5-min peak was accompanied by a reduction in the size of a peak at 37 min (Fig. 4) . Similar changes in the A215 profile (i.e. an increase in the peptide peak at 27.5 min and a decrease in the peak area at 37 min) were observed when tryptic peptides from sulfo-NHS-acetate-modified Rubisco activase were compared with those from unmodified enzyme (Fig. 5) . These results indicated that sulfo-NHSacetate and AMCA-sulfo-NHS modified the same site(s) on Rubisco activase.
The primary site of sulfo-NHS-modification was identified by Edman degradation analysis of peptides in the major AMCA-labeled peak after rechromatographing fractions using a shallower acetonitrile gradient (Fig. 6) . The results of four separate experiments showed that in each case the major A355 peak was associated with a tetrapeptide with the sequence MEXF, where X refers to the absence of an identifiable amino acid in the third sequencing cycle (Table 11 ). The other major AMCA-Iabeled peak, eluting at 47 min in the chromatogram in Figure 3 , corresponded to the decapeptide MEX-FYWAPTR (Table 11 ).
Sequence analysis also revealed the identity of the 27.5-min peptide peak that accumulated in the chromatogram upon modification with the sulfo-NHS derivatives. Although the sample was heterogeneous due to adjacent and overlapping peaks, sequencing analysis of the 27.5-min peak from modified and unmodified Rubisco activase showed that there was one additional peptide, YWAPTR, in the sample derived from modified enzyme (Table 111 ). When aligned with the deduced sequence of tobacco Rubisco activase , the sequences of the peptides that were produced by modification with AMCA-sulfo-NHS (Tables I1 and 111) matched two adjacent tryptic peptides from the region 244RMEKFYWAPTRED. Thus, in addition to hydrolyzing the peptide bond between RZs4 and trypsin also cleaved the modified enzyme on the carboxy-terminal side of FZ4'.
Trypsin is known to hydrolyze certain aromatic bonds (Maroux et al., 1966) , but it will not attack charge-modified Lys residues (Neil, 1971) . Thus, the altered cleavage pattem and the absence of an identifiable amino acid in the third position of the AMCA-labeled 41-and 47-min peptides (Table 11 ) indicated that K247 was the primary residue modified by AMCA-sulfo-NHS. Consistent with proteolytic cleavage at F248 was the observation that the relative size of the 37-min peak decreased following modification with AMCAsulfo-NHS (Fig. 4) . This peak corresponds to the peptide 248FYWAPTR (data not shown), a peptide that would no longer be generated from Rubisco activase if cleavage at K247 were blocked.
The relationship between the amount of AMCA incorporated into the 41-and 47-min peptides (i.e. K247) and inactivation of Rubisco activase ATPase activity is shown in Figure  7 . The results, which include data from enzyme modified in both the presence and absence of ADP, showed that a curvilinear relationship existed between inactivation of enzyme activity and the amount of AMCA incorporated into K247. However, upon complete inactivation of ATPase activ- Table 11 . Sequence analysis of the major AMCA-labeled tryptic peptide from AMCA-sulfo-NHS-modified Rubisco activase Tryptic peptides from Rubisco activase that was modified for 5 min with 0.05 m M AMCA-sulfo-NHS were separated by reversephase HPLC as in Figure 3 . Peptides in the A3ss peaks at 41 and 47 min in Figure 3 were rechromatographed as described in Figure 6 and then subjected to automated Edman degradation analysis. The values in parentheses refer to the pmol amount recovered in each cycle. X indicates a predicted amino acid not identified in the cycle. Figure 5 . lhe values in parentheses refer to the pmol amount recovered in each cycle. X indicates a Dredicted amino acid not identified in the cvcle. (50) v (339)
ity, the stoichiometry of modification of K247 was about 1 mo1
of AMCA incorporated per mo1 of 42-kD Rubisco activase monomer.
Photoaffinity Labeling of Modified Rubisco Activase
The results presented above suggest that acylation or arylation of K247 was the primary cause of inactivation of Rubisco activase activities. To determine the nature of the involvement of this residue in the catalytic mechanism, ATP binding was examined using photoaffinity analogs of ATP. Two photoprobes with photoactive moieties at different positions of the ATP molecule were used for these experiments. peptide peaks was determined from the integrated peak areas in Figure 3A . The data for the 41-min peptide peak include the 120-and 300-5 time points for Rubisco activase modified in the presence of ADP (Fig. 36) . The dashed line represents the total amount of AMCA in the 41 -and 47-min peptides. (35) E (251) D (40) v (95) V 033) (166) E (77) T (226) Q (104) R (52) E (251) N (63) v (95) K (10) unmodified Rubisco activase. In comparison, the apparent Kd(8-N3ATP) values for enzyme modified by sulfo-NI-ISacetate and AMCA-sulfo-NHS were 7.8 and 10.9 p~, respectively (Fig. 8A) . The lower apparent affinity of the modified enzyme for 8-N3ATP was not accompanied by a significant change in the extent of 8-NsATP incorporation (i.e. the photolabeling efficiency). In contrast, the efficiency of photolabeling with ATPyBP was reduced more than 5-fold when Rubisco activase was modified with either sulfo-NHS-acetate or AMCA-sulfo-NHS (Fig. 8B) . The similarity of the results with the two sulfo-NHS esters provides further evidence tliat sulfo-NHS-acetate and AMCA-sulfo-NHS modify a common site on Rubisco activase. The apparent Kd(ATPyBP) for AMCA-sulfo-NHS-modified Rubisco activase was only slightly higher than for the unmodified control, 5.1 versus 4.2 p~. The apparent Kd(ATPyBP) for enzyme modified with sulfo-NHS-acetate was 2.8 p~, which was lower than the value for the unmodified enzyme.
DISCUSSION
The reactivity of N-hydroxysuccinimide esters toward amines (cf. Glazer, 1976) has made these compounds useful as components of heterobifunctional cross-linking reagents (Ji, 1983) , reactive groups for attachment of protein ligands to immobilized supports (Parikh et al., 1974) , blocking groups during peptide synthesis (Finn and Hofmann, 1976) , and chemical-modifying reagents for enzymes (Stefanova et al., 1993) . In the present study, AMCA-sulfo-NHS and sulfo-NHS-acetate caused rapid inactivation of Rubisco activase. These reagents are water soluble and reactive at neutra1 pH, features compatible with the preservation of protein structure. Upon complete inactivation of ATPase activity, 1.9 mo1 of AMCA were bound per mo1 of 42-kD Rubisco activase monomer. Modification of K247 accounted for about 1 mo1 of AMCA incorporated per mo1 of Rubisco activase monomer, whereas the remaining 0.9 mo1 of AMCA in each monomer was distributed among at least 10 other peptides. Since the native structure of the enzyme was presumably unperturbed by the conditions used for modification, the selectivity for K247 indicates that this species-invariant residue is particularly reactive in the active confonnation of Rubisco activase.
The stoichiometry of AMCA labeling indicated that K247 of each Rubisco activase monomer was modified upon complete inactivation of enzyme activity. However, the relationship between modification of K247 and inactivation of Rubisco activase ATPase activity was substoichiometric over most of the response curve (Fig. 7) . Since the total amount of AMCA bound to Rubisco activase at each time point was sufficient to account for the leve1 of inactivation (Fig. 2) , modification of other lysyl residues may have contributed to inactivation of enzyme activity. Altematively, cooperative interactions between Rubisco activase subunits may have enhanced the effect of modification of K247 on enzyme inactivation.
In a previous study, interactions between Rubisco activase subunits brought about by self-association were found to increase the V,,, of ATP hydrolysis and Rubisco activation, as well as the apparent affinity for ATP and Rubisco (Salvucci, 1992) . Since these interactions are positively cooperative, modification of an essential residue on one subunit of Rubisco activase may adversely affect the catalytic activities of adjacent subunits in the holoenzyme. Consistent with this hypothesis was the observation that Rubisco activase modified by AMCA-sulfo-NHS was unable to stimulate the ATPase activity of the unmodified enzyme. This result suggests that cooperative interactions among Rubisco activase subunits were disrupted by modification with AMCA-sulfo-NHS and thus could account for the curvilinear relationship between modification of K247 and enzyme inactivation (Fig. 7) .
Of the two sulfo-NHS esters used in this study, AMCAsulfo-NHS was considerably more effective in modifying Rubisco activase. In a study of the inhibitory effects of various phosphate-ester derivatives of NHS on elastase, a drastic enhancement of inhibitory activity occurred with a benzyl derivative of 3-alkyl-N-hydroxysuccinimide (Groutas et al., 1991) . The potency of the benzyl derivative was ascribed to a favorable interaction between the phenyl group of the inhibitor and an aromatic amino acid residue in the active site. Similarly, the greater effectiveness of the AMCA derivative of sulfo-NHS for modification of Rubisco activase may also be caused by aromatic interactions, since the speciesinvariant target residue, K247, is adjacent to a sequence of three conserved aromatic amino acids, i.e. 248FYW Salvucci et al., 1993) . Thus, favorable interactions between the benzopyone ring of AMCA-sulfo-NHS and the Phe and/or Tyr residue may account for the 10-fold increase in the second-order rate constant for inactivation by AMCAsulfo-NHS compared with sulfo-NHS-acetate.
ADP, a competitive inhibitor of Rubisco activase activity (Robinson et al., 1988; Robinson and Portis, 1989) , afforded considerable protection against inactivation by the sulfo-NHS derivatives and modification of K247. These data indicate that K247 is less accessible to modification in the presence of ADP.
In general, effectors can reduce the susceptibility of a particular residue to modification either indirectly, by causing a change in protein conformation upon binding, or directly, by blocking access to the target site. Although it was not possible to distinguish between these two alternatives for Rubisco activase, it was possible to suggest a role for K247 in the catalytic mechanism based on the photoaffinity labeling results with unmodified and AMCA-sulfo-NHS-modified enzyme. The results showed that arylation of K247 caused a slight decrease in the binding affinity of Rubisco activase for both the base-substituted probe, 8-N3ATP, and the y-phosphate-modified probe, ATP7BP. However, the photolabeling efficiencies of the two probes were affected differently by modification with the sulfo-NHS derivatives. Whereas the photolabeling efficiency of 8-N3ATP was unaffected by modification, the labeling efficiency of ATPy BP was decreased by more than 90%. These data indicate that K247 is not essential for the binding of adenine nucleotides per se. Instead, the essentiality of this residue for activity and the marked effect of modification on the photolabeling efficiency of ATPyBP, but not 8-N3ATP, suggest that K247 may be necessary for interactions that occur with the nucleotide phosphate during catalysis.
Interactions between active-site residues of Rubisco activase and the bound nucleotide must be quite specific to account for the high selectivity for ATP as a substrate. Nucleotide triphosphates other than ATP (Robinson et al., 1988; Robinson and Portis, 1989) , as well as ATP analogs modified at either the y-phosphate position [i.e. adenosine-5'-0-(3-thiotriphosphate), ATPyBP] or on the adenine base (i.e. 2-and 8-N3ATP) are unsuitable as substrates for hydrolysis or Rubisco activation Salvucci et al., 1993; M.E. Salvucci, unpublished observation) . In a previous study, showed that the essential step in the activation process, dissociation of bound sugar phosphate from Rubisco, requires ATP hydrolysis. 
